Large scale biomimetic single-walled carbon nanotube (SWNT) coatings with significant antimicrobial activity, high Young's Modulus, and controlled morphology were fabricated using layer-by-layer assembly. Thickness was controlled within 1.6 nm and SWNT orientation was controlled using a directed air stream. This unique blend of multifunctionality and vertical and lateral control of a bottom-up assembly process is a significant advancement in developing macroscale assemblies with the combined attributes of SWNTs and natural materials.
Concern about the spread of infections through contact with contaminated surfaces was once limited to specific groups of people including astronauts who are subject to confined living spaces and the virulence-enhancing effects of space flight 1 and people requiring surgery or implantable devices. 2 More recently, there has been growing concern about the role of contaminated surfaces in the spread of infections such as severe acute respiratory syndrome (SARS), 3, 4 and Staphylococcus aureus, particularly methicillin-resistant Staphylococcus aureus (MSRA). 5 Antimicrobial surfaces are therefore desirable not only for the aerospace, defense, and medical industries but also for the consumer product and public transportation industries. We have used layer-by-layer assembly to produce coatings that combine the strength of single-walled carbon nanotubes (SWNTs) with the antimicrobial activity of lysozyme (LSZ).
LSZ, a key member of ova-antimicrobials, is a powerful natural antibacterial protein. 6 It is in the class of enzymes which lyse the cell walls of Gram-positive bacteria by hydrolyzing the -1,4 linkage between N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) of gigantic polymers in the peptidoglycan (murein). 7, 8 Unlike many antimicrobials, LSZ has both enzymatic and nonenzymatic activity in both its native and denatured states and is useful even in processes which require heat treatment. The potential use of LSZ as an antimicrobial agent in pharmaceuticals, food preservatives, and packaging is an active area of research, 7, 8 but the effective use of LSZ requires incorporating it with a more mechanically robust material. SWNTs are well-known for exceptional combination of mechanical, electrical, thermal, and optical properties. [9] [10] [11] However, the efficient transfer of SWNTs' inherent nanoscale properties to macroscopic structures and devices has been an ongoing research challenge comprised of three main issues: SWNT dispersion, controlled assembly, and efficient load transfer. There has been growing interest in using biological materials to stabilize dispersions of pristine SWNTs. DNA enables much higher concentrations of dispersions of individual and small bundles of SWNTs 11, 12 than any other known material besides superacids; 13,14 DNA-SWNT dispersions have even been used to produce liquid crystalline dispersions for solution spinning. 15 Similarly, favorable intermolecular interactions enable dispersion of individual and small bundles of SWNTs in proteins such as LSZ. 11, 16, 17 In this research, the strong Coulombic interactions between DNA and LSZ were exploited in the layer-by-layer (LBL) assembly [18] [19] [20] of DNA-SWNT and LSZ-SWNT dispersions.
The enzymatic activity of LSZ in the SWNT dispersions was determined by measuring the rate of lysis of Grampositive Micrococcus lysodeikticus intact cells (Figure 1 ). The responses from the turbidimetric assay were modeled with first-order kinetics typically used to quantify exponential death of microorganisms (Figure 1b) . The analysis shows that LSZ-SWNT dispersions clear approximately 55% of turbidity (optical density at 450 nm) within 5 min compared to 60% for the LSZ dispersion. The decrease in optical density due to cellular lysis confirms that secondary structure of LSZ in LSZ-SWNT conjugate is well preserved 16 as required for enzyme activity. In contrast, the DNA-SWNT dispersions showed no reduction in turbidity, suggesting that the SWNTs did not contribute to cell lysis.
Zeta potential measurements confirmed that the cationic and anionic nature of LSZ-SWNT (+22 mV) and DNA-SWNT dispersions (-30 mV) provided an excellent platform for strong electrostatic interaction between LSZ-SWNT and DNA-SWNT coatings [(LSZ-SWNT)-(DNA-SWNT)] n . Secondary forces vital in DNA-protein interactions in biological systems, including van der Waals and π-π attractions, were also likely to have played a significant role in interlayer adhesion. UV-vis-NIR absorption spectroscopy, ellipsometry, and surface plasmon resonance (SPR) were used in concert to monitor the growth of the LBL coatings on a variety substrates including silicon, gold, glass, and mica (Supporting Information). Absorbance spectroscopy (Figure 2a ) showed well-resolved van Hove transitions of metallic (M 11 ) and semiconducting SWNTs (S 11 and S 22 ), indicating that the SWNTs retained their electronic structure in the matrix and were predominantly dispersed as individual SWNTs. 10 The uniform increase of UV-vis-NIR absorbance from each deposition cycle revealed that film growth was linear and uniform. Moreover, ellipsometry showed a 1.6 nm ((0.03 nm) increase in thickness per layer; a value consistent with the previously reported diameter of individual DNA-SWNT adducts 21 ( Figure 2b ). Atomic force microscopy (AFM) provided further verification of deposition of individual SWNTs; the average diameters of the DNA-SWNT adducts (Figure 2c ) was 1.6 nm. This extremely fine control of assembly process is the direct result of the quality of the initial dispersion.
SWNT orientation within each layer was achieved by applying a directed air stream between each deposition step. This step decreased the time required for assembly by eliminating the need for the rinsing step inherent in many LBL processes. Furthermore, the air stream enabled shear alignment of SWNTs within each individual layer generating the possibility to create coatings where each layer has a distinct orientation. Parts a and b of Figure 3 show scanning electron microscopy (SEM) images of the aligned 8th and 68th layers, respectively. Uniform deposition and alignment were further confirmed by Raman spectroscopy. Raman mapping was conducted to evaluate the spatial distribution of SWNT on the surface; G band intensities across a wide area (10 µm 2 ) are almost uniform showing that the SWNTs were uniformly spaced. It is well established that Raman intensity of SWNTs is maximal when exciting light polarization is along the nanotubes axis. [22] [23] [24] When the air stream was applied in random directions, no change in Raman intensity was observed indicating an isotropic orientation. However, directing the air stream in one direction resulted in a significant degree of alignment and a Raman ratio (G 0 / G 90 ) of 7 ( Figure 3c ). The ability to align the SWNTs using a directed air stream is due to SWNTs rigid rod behavior in solution. 25, 26 Shear-induced alignment of SWNTs has also been observed in films 27, 28 and fibers. 29 In order to better understand the LBL process, dispersions with different SWNT concentrations were produced with and without added electrolyte. SWNT concentration strongly influenced coating thickness. Figure 4 shows the UV-vis-NIR absorbance of LBL assembly from the 45 mg/L SWNT dispersion. The increasing intensity corresponds to increased SWNT concentration after the deposition of each layer (Figure 4a ). The presence of clear van Hove peaks suggests that the SWNTs were predominantly individuals, but SEM revealed some small aggregates nonparallel overlapping SWNTs. Ellipsometry showed (Figure 4d ) that increasing SWNT concentration from 25 to 45 mg/L increased the average layer thickness from 1.6 to 3.0 nm. The increased layer thickness at higher concentrations is believed to be largely due to SWNTs overlapping during the deposition process and perhaps an increase in the number of small bundles in the dispersion.
The addition of electrolyte also had an effect on the assembly process. Figure 4b shows the absorbance spectroscopy of LBL growth prepared in LSZ-SWNT and DNA-SWNT dispersions containing 45 mg/L SWNT and 10 mM NaCl. On each LSZ-SWNT layer, the rate of growth of absorbance is faster than that with DNA-SWNT. This corroborates with ellipsometry results (Figure 4e ) and is further confirmed by surface plasmon resonance (SPR) spectroscopy, a surface sensitive technique which unambiguously demonstrates the effect of salt in LBL film assembly (Figure 4c ). The rapid increase in SPR response provides strong evidence for electrostatic interactions between oppositely charged SWNT-bioadducts. SPR response increases smoothly over each layer indicating progressive assembly; surface coverage calculations indicate that more nanotubes were deposited in the presence of 10 mM NaCl. The influence of added salt 30 agrees well with reported values for similar SWNT-polyelectrolyte multilayers. [31] [32] [33] The presence of salt did not result in any obvious morphological differences in the coating after multiple deposition cycles (Figure 4 , panels f and g).
Nanoindentation was used to determine the mechanical properties of 205 nm thick (68 layers) coatings. Figure 5 shows the hardness and Young's modulus as a function of penetration depth; the hardness was 1 GPa and the Young's modulus was 22 GPa. These results are similar to those measured by Mamedov et al. 34 and Xue et al. 35 and confirm effective load transfer between the SWNTs and the biomacromolecular matrix.
The enzymatic activities of the LBL coatings were evaluated as described in the Supporting Information. Remarkably, coatings terminating in a LSZ-SWNT layer exhibited a relative antimicrobial activity of 84% compared to 69% in the initial dispersion ( Figure 6 ). The clearing of the turbid M. lysodeikticus solution by the coatings is due to the enzyme activity of the exposed LSZ-SWNT layer suggesting a dynamic interaction between the coating surface and the surrounding solution. It is important to note that no lytic activity was observed for surface layers ending with DNA-SWNT or unmodified surfaces (Student's t test, P < 0.05). This confirms that the antimicrobial activity was specifically due to the LSZ enzyme reaction and not the presence of SWNTs. Of particular interest is that the number of layers has an influence on the antimicrobial activity of the coating (Figure 6b ). This behavior suggests that a zone- model behavior is observed as outlined by Ladam et al. 36 where the substrate affects the growth of initial layers forming zone I followed by growth of zone II and zone III as the number of layers increased. On the other hand, this may also arise from interplay of charges during film growth as the underlying layers are overcompensated compared to terminal layers. 37 This unequal distribution of charges on different layers may influence the activity of LSZ since it must have an optimal balance of charges in order to express lytic activity. 8 The coatings exhibited impressive long-term stability; no leaching of enzyme was observed in the supernatant when the coatings were stored in buffer and the antimicrobial activity is retained for at least 60 days (see Supporting Information).
Exposing surfaces to freshly prepared Staphylococcus aureus provided further evidence of the antimicrobial activity of LSZ-SWNT terminated coatings. When silicon substrates with and without the LBL assembled coating were incubated with Staphylococcus aureus for 24 h at 37°C and imaged under SEM, significantly more bacteria adhered to the uncoated (Figure 6c ) surface than to the coated surface (Figure 6d ). In addition, the few bacteria that adhered to the coated substrate underwent severe morphological changes. In contrast, on the uncoated silicon surface the cells remained intact and maintained their cocci structure. These morphological changes in Staphylococcus aureus cells are speculated to be the result of lysozyme triggered autolysis of bacteria which is the generally accepted mechanism of lysozyme action on Staphylococcus aureus cells. 38, 39 In conclusion, we have developed a unique multifunctional biomimetic material comprised of SWNT, DNA, and LSZ using LBL assembly. Precise control of both layer thickness and SWNT alignment within each layer was achieved, and the final coatings had robust mechanical properties. Coatings ending in an exposed LSZ-SWNT layer exhibit excellent long-term antimicrobial activity. This has several distinct advantages over coatings which release antimicrobials over time; controlled release coatings lose their antimicrobial efficiency once the concentration of the antimicrobial agent drops below the minimum inhibitory concentration (MIC). On the other hand, our nonleaching coatings exhibit robust mechanical properties and long-term protection against bacterial colonization. Furthermore, the spectrum of disinfection of LSZ-SWNT layers can be extended to Gramnegative bacteria by simply including chelators such as EDTA. 8 The results of this research demonstrate the significant possibilities for the molecular design of hybrid structural materials from SWNTs and natural biopolymers. Such robust, antimicrobial materials have significant promise in applications including medicine, aerospace engineering, public transportation, home appliances, and sporting goods. 
